Bias corrected daily climate projections from five global circulation models (GCMs) under the RCP8.5 emission scenarios were fed into a calibrated Variable Infiltration Capacity (VIC) hydrologic model to project future hydrological changes in China. The standardized precipitation index (SPI), standardized runoff index (SRI) and standardized soil moisture index (SSWI) were used to assess the climate change impact on droughts from meteorological, agricultural, and hydrologic perspectives. Changes in drought severity, duration, and frequency suggest that meteorological, hydrological and agricultural droughts will become more severe, prolonged, and frequent for 2020-2049 relative to 1971-2000, except for parts of northern and northeastern China. The frequency of long-term agricultural droughts (with duration larger than 4 months) will increase more than that of short-term droughts (with duration less than 4 months), while the opposite is projected for meteorological and hydrological droughts. In extreme cases, the most prolonged agricultural droughts increased from 6 to 26 months whereas the most prolonged meteorological and hydrological droughts changed little. The most severe hydrological drought intensity was about 3 times the baseline in general whereas the most severe meteorological and agricultural drought intensities were about 2 times and 1.5 times the baseline respectively. For the prescribed local temperature increments up to 3°C, increase of agricultural drought occurrence is predicted whereas decreases or little changes of meteorological and hydrological drought occurrences are projected for most temperature increments. The largest increase of meteorological and hydrological drought durations and intensities occurred when temperature increased by 1°C whereas agricultural drought duration and intensity tend to increase consistently with temperature increments. Our results emphasize that specific measures should be taken by specific sectors in order to better mitigate future climate change associated with specific warming amounts. It is, however, important to keep in mind that our results may depend on the emission scenario, GCMs, impact model, time periods and drought indicators selected for analysis.
Introduction
Drought is a natural phenomenon mainly caused by below-normal precipitation over an extended period Tallaksen et al., 2004; Mishra and Singh, 2010; Dai, 2012; Van Loon and Van Lanen, 2012) . Droughts are complex events best characterized by a series of properties including their frequency, duration and intensity (Keyantash and Dracup, 2002; Mishra and Singh, 2010) . Droughts can also take a variety of different forms depending on which part of the hydrological cycle they impact most strongly on. For example, a lack of precipitation over a prolonged period of time (several weeks to several years) manifests as a meteorological drought. Such droughts invariably propagate through the hydrologic cycle, however. Extended meteorological droughts tend to cause hydrological droughts, or droughts characterized by a reduction in stream flow that occurs from both the loss of stream flow and a reduced occurrence of groundwater top-up events. A further consequence of extended meteorological droughts is the occurrence of agricultural droughts. These occur when the soil moisture is reduced over time from an ongoing lack of rainfall (Wilhite and Glantz, 1985; Hisdal et al., 2001; Keyantash and Dracup, 2002; Sheffield and Wood, 2008; Hayes et al., 2007) . All types of droughts can be detrimental to both natural and anthropogenic systems. For example, below-normal water availability in rivers, lakes and reservoirs can cause water scarcity and often occurs in association with increasing water demand. This along with reduced water available for irrigation and in the soil column on account of the drought can threaten food production while also damaging aquatic ecosystems as ever greater proportions of the remaining water available are extracted for human uses (Döll et al., 2009; Wisser et al., 2010) . The significance of droughts cannot be understated with droughts ranking first among all Global and Planetary Change 126 (2015) [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] natural hazards when measured in terms of the number of people affected and the economic losses associated with their occurrence (Wilhite, 2000) .
China is a frequently drought-affected country in East Asia since the monthly, annual and inter-annual variations in precipitation and temperature are significant there (Ma and Fu, 2003; Dai et al., 2004; Zou et al., 2005) . As reported by the Ministry of Water Resources of China (MWRC, 2011) , extreme droughts occurred every 2 years on average for the period 1990-2007. The average grain loss associated with these droughts is nearly 39.2 billion kg annually, with the average economic loss accounting for 1.47% of the country's gross domestic product. During the past decade, droughts were common in all parts of China from south to north, and resulted in serious social, economic and environmental consequences . For example, the recent winter drought which hit the northeast of China in 2008-2009 left more than 10 million people struggling with water shortages and led to total economic losses of up to $2.3 billion (Wang et al., 2011a (Wang et al., , 2011b . Other examples include, the record-breaking severe and sustained droughts occurred in 2006 (Li et al., 2009 (Yang et al., 2012 in Southwest China that caused devastating and far-reaching impacts to agriculture, society, the economy, and many ecosystems (Zhang et al., 2012a,b) .
The devastating impacts of droughts in China have spurred many scientific studies, with focus on particular drought components, such as precipitation, runoff/stream flow, or soil moisture. For example, using the precipitation-based China-Z index, Wang and Zhai (2003) showed an expanding area of drought affected lands in agricultural regions of northern China during the past 50 years. Ma and Fu (2003) also revealed a drying trend in major parts of North China during 1951-1998 using a surface humidity index. These patterns are not confined to northern China only however. Indeed, Wu et al. (2011) reconstructed China's daily soil moisture values from 1951 to 2009 and showed that up to 30% of the total area of China is prone to drought and Wang et al. (2011a Wang et al. ( , 2011b showed that over the past 60 years severe droughts in China grew increasingly common, suggesting an increasing risk on sustainable agricultural productivity across the whole nation. Zou et al. (2005) used the Palmer Drought Severity Index (PDSI) to investigate the variations in droughts over China, and Zhai et al. (2010) used both PDSI and standardized precipitation index (SPI) to identify tendencies in dry/wet conditions during recent decades over ten large regions in China. Both found an increasing trend of droughts across major regions of China in the past decades. Despite this intense research focus on droughts in China, a missing component of this research has been a consideration of the different types of droughts (namely meteorological, hydrological and agricultural). As each manifests differently and has unique implications for natural and anthropogenic systems, this is a significant omission. To fully understand and manage drought in China it is imperative to develop a more complete picture of how these different types of droughts operate and how their frequency, duration and intensity have been changing in the recent past and may continue to change in the future, particularly as a result of climate change.
It has observed that there has been an increase in drought risk globally since the late 1970s, due to enhanced evaporation (on account of increasing global temperatures) without any increase in precipitation in most locations (Sheffield and Wood, 2008; Zou et al., 2005; Dai, 2012; Trenberth et al., 2014) . Within the context of future global warming as a result of an increase in greenhouse gases (IPCC, 2013) , it is of great significance to assess the climate change impacts on droughts at the regional scale and, more importantly, to determine which types of droughts will be most affected (i.e., meteorological, hydrological and/ or agricultural). Several studies have quantified the potential changes of hydrology and water resources in basins in North China (e.g., Xu et al., 2009c; Li et al., 2010; Yang et al., 2012) , South China (e.g., Jiang et al., 2007; Qiu, 2010; Wang et al., 2014) and the whole country (e.g., Guo et al., 2002; Wang et al., 2012; Leng et al., in press ). However, very few studies have examined the impacts of climate change on droughts at the river basin scale (e.g. Duan and Mei, 2014) . There has also been little effort to explicitly examine the potential impacts of future climate change on droughts across the whole country, and especially, the sensitivities of various drought type (e.g. the meteorological, agricultural and hydrological droughts) responses to different climate warming amounts. Understanding whether certain types of droughts are more sensitive to projected climate change than others could potentially identify which sector(s) is most sensitive to changing drought frequencies, durations and intensities enabling more effective drought management plans to be developed. Indeed, results from such a comprehensive study over the whole country could be used not only to inform on potential impacts for specific sectors but also can be used to coordinate adaptation/mitigation strategies among different sectors/regions by the central government. Thus, the objective of this research is to assess the potential impacts of future climate change on drought characteristics in different domains of the hydrological cycle in China. To address this, we used bias-corrected daily outputs from state of the art climate models as inputs for a calibrated hydrologic model configured over the whole of continental China. Based on future water resource scenarios, drought characteristics were then assessed using various drought indices and the implications of the changes in drought characteristics are discussed.
Data and methodology

Bias-corrected climate projections
The fast-track of the Inter-Sectoral Impact Model Inter-comparison Project (ISI-MIP) aims to quantify the uncertainty in climate scenarios, climate models, and impact models that project climate change impacts on water, biomes and agriculture . Within the framework of ISI-MIP, climate projections from 5 global circulation models (HadGEM2-ES, GFDL-ESM2M, IPSL-CM5A-LR, MIROC-ESM-CHEM and NorESM1-M, see Table 1 for details) driven by multiple Representative Concentration Pathway (RCP) scenarios were obtained at a 0.5°× 0.5°spatial resolution and a daily time step from 1950 to 2099 (Hagemann et al., 2013) . These datasets were bias-corrected to the WATCH Forcing data (WFD) (Weedon et al., 2011) enabling us to adequately represent the effects of changes in climate variability in addition to changes in the climate mean (Hempel et al., 2013) , which is important for the investigation of extreme hydrological events. The bias correction method is based on a distribution-based bias correction algorithm which was adopted in the WaterMIP/WATCH (Piani et al., 2010; Hagemann et al., 2011) . Specifically, a multiplicative algorithm that preserves the relative changes (e.g. precipitation) and an additive approach that preserves the absolute changes (e.g. temperature) were first applied to the GCM data to match the WFD climatology. The residual or normalized data are then applied to a parametric quantile mapping approach for adjusting the daily variability of GCM data to match that of the WFD. Subsequently, the derived monthly correction factors were interpolated towards daily ones and applied to the future climate projections. Details for the bias-correction method can be found in Hempel et al. (2013) . In this study, we used the bias-corrected climate data from all 5 GCMs to provide a robust estimation of future changes in drought hazards in China. The RCP8.5 scenario was selected to highlight the largest climate change impacts since the largest possible temperature change is covered under this greenhouse gas emission scenario (Moss et al., 2010; Rogelj et al., 2012) . Similar to other studies using the RCP8.5 scenario (e.g. Piontek et al., 2014; Elliott et al., 2014; Schewe et al., 2014) , the results obtained in this study should represent the potential upper bounds of climate change impacts on droughts.
Off-line land surface model simulation
In this study, the physically based, semi-distributed macroscale Variable Infiltration Capacity (VIC) model (Liang et al., 1994 (Liang et al., , 1996 was used to project future water resource scenarios for China. The VIC model has been widely applied for analyzing drought events at regional and global scales (e.g. Andreadis et al., 2005; Sheffield and Wood, 2008; Shukla and Wood, 2008) and it allows for the simulation of both the water and energy budgets for each grid cell to be simulated. In the VIC model, the sub-grid variability of vegetation, soil and terrain characteristics was represented through sub-grid area-specific parameter classifications. Soil texture and bulk densities were derived by combining the 5-min digital soil map of the world by the Food and Agricultural Organization -United Nations Educational, Scientific, and Cultural Organization (FAO, 1998) with the World Inventory of Soil Emission Potentials database (Batjes, 1995) . The remaining soil characteristics (e.g. porosity, saturated hydraulic conductivity and unsaturated hydraulic conductivity) were based on the work of Cosby et al. (1984) .Vegetation type data were taken from the Advanced Very High Resolution Radiometer-based global land classification of Hansen et al. (2000) . The six hydrologic parameters required as input into the VIC model, i.e. the infiltration parameter b, the second and third soil layer depths (d2, d3) and the three parameters of the baseflow scheme (Dm, Ds, Ws), were calibrated based on observed daily stream flow for the ten river basins over China. Details for the model calibration and validation process can be found in Zhang et al. (2014) . By using the bias-corrected climate data as inputs, time series of daily hydrologic terms from the VIC model were generated for the period 1950-2099. We excluded the first 20 years of results to accommodate model spin-up thereby eliminating the impact of initial conditions and thus started our analysis from 1971 to 2099.
Drought analysis method
In this study, we used the standardized precipitation index (SPI) (McKee et al., 1993) , the standardized soil moisture index (SSWI) (Wang et al., 2011a (Wang et al., , 2011b ) and the standardized runoff index (SRI) (Shukla and Wood, 2008) to characterize the meteorological, agricultural, and hydrological droughts respectively. The SPI is computed on the basis of probability distributions of precipitation for specified monthly time scales. In this study, the 1-month SPI was obtained by fitting a gamma distribution to each month separately. The gamma distribution was adopted since the distribution of monthly precipitation is typically similar to a gamma distribution (Wilks and Eggleston, 1992) . The detailed formulation of the SPI calculation can be found in Loukas and Vasiliades (2004) . The calculation procedure adopted in this study is given by McKee et al. (1993) and Mishra and Desai (2005) . The range of the SPI is about the same for every location over the study period (e.g. SPI is within b− 2, + 2 N with about 95% probability), since the SPI is designed to express drought conditions with respect to normal conditions at a given site for a given period. Hence, for drought comparisons between different grid cells or between different time periods, the standardized index may not be good for applications. This is a limitation as such considerations are essential in assessing the potential impacts of climate change. Therefore, for a given grid cell, we first constructed the distributions for the historical precipitation and then applied the derived parameters in fitting the future projections (Dubrovsky et al., 2009; Burke, 2011; Wang et al., 2012) . To accomplish this we assumed that the parameters of the gamma distribution would be unchanged in the future and so the values adopted for the historical period could be extended to the future predictions. Several studies assessing climate change impacts using standardized drought indices have adopted the same technique (e.g. Loukas et al., 2007; Loukas et al., 2008; Dubrovsky et al., 2009; Wang et al., 2012) . The calculation procedure for SRI and SSWI is similar to the SPI but by fitting a log probability density function to the given frequency distribution of runoff and soil moisture series respectively.
Time series of the drought indices were calculated over land grid cells in China for each model. A drought event was considered as the period of time when drought index (i.e. SPI, SSWI and SRI) values are below − 1.0, indicating that the deviation from average conditions exceeds one standard deviation. In order to examine drought characteristics, three different parameters were used: (1) frequency -the number of droughts over a defined period; (2) duration -the length of each drought event; and (3) intensity -the average SPI value for a drought event. The percentage change in drought index values for the near future period 2020-2049 with respect to the current period 1971-2000 was used to investigate the changes in drought characteristics. The near future period 2020-2049 was selected because the results for this period would be most useful for decision makers.
Results
The multi-model ensembles (MME) mean results predict a warmer climate for the whole country with a temperature increase of 1-4°C (Fig. 1a) . The largest increase is expected in northwestern, southwestern and northeastern China, with the smallest increase in south China. Unlike for temperature where warming will occur across the whole of China to some degree or another, the response of rainfall to climate change is much more variable and regionally specific (Fig. 1b) . According to model projections, western and northern China, and the south coast will experience an increase in future precipitation by 5%-15%. In major areas of central and parts of southwest China, the model results show a decrease of up to 10%. The spatial pattern of changes in actual evapotranspiration (ET) is similar to that of precipitation in that it is highly variable but like temperature is generally predicted to increase across the whole of China. In general, average ET will increase because of increased temperatures, especially in southwest, northwest and parts of northeastern China (Fig. 1c) . Fig. 2 shows the multi-model ensemble changes in drought frequency, mean duration and mean intensity for 2020-2049 against 1971-2000. The occurrence of meteorological drought (i.e. SPI) consistently decreases in northeast China, parts of northwest China and major regions of the Yellow River Basin. However, the remainder and largest parts of the country will see an increase in exposure to meteorological drought events. Both the mean duration and intensity of meteorological droughts are expected to increase across the whole country especially for arid and sub-arid regions over the western part of China. Previous studies show that climate warming will lead to more intense heavy rains but longer dry spells in China (e.g., Gao et al., 2002; Xu et al., 2009b Xu et al., , 2012 Xu et al., , 2013 , which means that more water could run off reducing the amount available to infiltrate and replenish the soil moisture (Trenberth et al., 2014) . Our results support this supposition showing increases in the frequency, duration and intensity of agricultural (or soil moisture) droughts in almost all areas (Fig. 2b , e, h), with the most severe increases found in the northwestern and southwestern arid regions of China, with agricultural drought frequency showing positive anomalies greater than 60% in those regions. Thus, many of the areas most susceptible to soil moisture drought as reported in the last decades (Wang et al., 2011a (Wang et al., , 2011b will experience the greatest increase in agricultural drought frequency in the near future. The changes in hydrological droughts (i.e. SRI) frequency generally reflect changes in precipitation over China. For example, the frequency of hydrological droughts decreased significantly over major parts of north and northeast China in association with reductions in meteorological drought frequencies in those areas. However, for both drought duration and intensity, the links are less clear with northeast China predicted to experience reduced hydrological drought duration and intensity while the duration and intensity of meteorological droughts are predicted to increase in the same area. Regionally, the increase in hydrological drought duration is more pronounced in southwest China (large areas greater than 80%) and less severe in the southeast China although the whole of southern China will experience increased hydrological drought durations and to a lesser extent and increase in hydrological drought intensity. Fig. 3 shows the cumulative distribution frequency (CDF) curves for the duration of meteorological, agricultural, and hydrological drought events averaged over China for the current and future periods for each GCM. Large variations exist in the magnitude of changes in drought duration among the five GCMs. However, it was found that all five models projected a longer duration of meteorological, agricultural, and hydrological droughts throughout the CDF curves in the future relative to the current period. Moreover, the disproportional changes in drought duration along the CDF curves for all three types of droughts were found. For both hydrological and meteorological droughts, the increase in drought duration was projected to be more notable for the low frequency droughts than those high frequency droughts in the future. In contrast, the greater increase in agricultural drought duration is predicted to occur for the high frequency droughts compared to a relatively small increase in rare drought duration. However, all models predict that the duration of the most infrequent agricultural droughts will increase significantly in the future although they will still occur only rarely. These results suggest that the frequency of long-term (with duration larger than 4 months) meteorological and hydrological droughts is expected to increase less significantly than that of shortterm (with duration less than 4 months) droughts, while the reverse is true for agricultural droughts. In extreme cases, the most prolonged agricultural droughts increased from 6 to 26 months in length as projected by HadGEM2-ES and MIROC-ESM-CHEM, whereas the most prolonged meteorological and hydrological droughts changed little. These results suggest that precipitation is closely linked to stream hydrology and these respond to drought conditions very quickly and Fig. 4 . Same as Fig. 3 but for drought intensity. recover from drought conditions very quickly, while the effect of reduced precipitation can generate a longer term deficit in soil moisture that persists well after precipitation rates return to normal. Similar results were found for the drought intensity as shown in Fig. 4 . For example, all models predicted an increase in drought intensity throughout the CDF curves in the near future. The most severe drought (i.e., the most negative drought intensity) is projected to increase significantly for meteorological, agricultural and hydrological droughts based on all of the five GCMs. However, the impact of future climate change is most pronounced for hydrological droughts with index values greater than − 9 predicted for some GCMs (compared to values generally less than −5 for meteorological and agricultural droughts). This amounts to an increase in drought intensity for the most severe hydrological droughts about 3 times higher than the baseline whereas the most severe meteorological and agricultural drought intensities are only about 2 times and 1.5 times the baseline respectively.
Spatial pattern of changes in mean drought characteristics
Spatial patterns of change in extreme droughts and their social impacts
Extreme drought events, those with extended durations and/or of high intensity, are generally of most concern for drought management. As described above using CDF curves, extreme drought conditions are projected to increase for all types of droughts across the majority of China. Fig. 5 illustrates the spatial distribution of changes in droughts with the longest duration and the most severe drought intensities of any duration between 1971-2000 and 2020-2049. The spatial pattern of change in extreme droughts was consistent with the changes already described in mean drought conditions (Fig. 2) . For example, the longest duration and severest droughts (of all types) are predicted to increase most over southwest and southeast China while the extreme hydrological droughts are projected to decrease in major parts of northeastern China and the upper reaches of the Yellow River basin a pattern similar to that previously shown for mean drought conditions in Fig. 2 . Moreover, the percentage increase in the longest duration of meteorological and hydrological drought is lower than that in mean duration in most parts of the country while the opposite is true for intensity (i.e., percentage increase in intensity for the severest droughts exceeds those for the mean droughts). These results are consistent with the findings from the disproportional changes along the CDF curves as shown in Figs. 3 and 4 .
By the 2030s, the longest duration droughts will increase by more than 10% for 79.8%, 60.8% and 56.2% of the total land area of China for meteorological, agricultural and hydrological droughts respectively (Table 2 ). This also amounts to 93.7%, 61.9% and 82.6% of the country's population of 1.3 billion suffering from these increased drought durations in meteorological, agricultural and hydrological droughts respectively. Hence, in terms of both area and population affected, the increase in drought duration is most pronounced for meteorological droughts although the significant increase in duration of the longest droughts will affect at least 55% of the land area and 60% of the population regardless of drought type. Similar results were also found for the percentage of population and land area affected by the most severe droughts (Table 3) . That is, 94.7%, 96.2% and 85.8% of the population will be exposed to an increase of more than 10% in the intensity of the most severe droughts for meteorological, agricultural and hydrological droughts respectively, while the corresponding numbers for land area affected are 86.8%, 81.8% and 68.6%. Hence, the vast majority of the land area and population of China are set to be subjected to significantly longer and more severe droughts of all types in the future on account of climate change.
Furthermore, an increase of more than 70% in the longest duration of meteorological, agricultural and hydrological droughts will affect about 32.4, 81.6 and 205.1 million people respectively (Table 2) while 70.7, 146.2 and 272.9 million people will suffer from an increase of more than 70% in the severity of the most intense meteorological, agricultural and hydrological droughts respectively (Table 3 ). These data indicate that extreme drought conditions are likely to be a considerable challenge in coming years with large portions of the population subjected to such conditions.
Sensitivity of drought projections to prescribed climate warming
Some of the model differences within each of the RCP8.5 periods could exist due to differences in global climate sensitivity and greater model agreement at common levels of climate warming could be expected than at common levels of forcing (Tang and Lettenmaier, 2012; Diffenbaugh et al., 2013) . Therefore, projections of future droughts to different levels of prescribed temperature increments up to 3°C were assessed (Fig. 6-8 ). To reflect regional variability, the degree of warming was calculated for the specific region studied (see Table 4 ). Adopting this approach, it was found that agricultural drought occurrence (frequency) is predicted to increase for all temperature increments for the whole country as well as the ten river basins (Fig. 6) . That is, as temperature continues to increase so too will the incidence (frequency) of agricultural droughts. Hence this drought type is very sensitive to continued rises in temperature. However, the same is not true for either meteorological or hydrological droughts. For these, only small changes or in many cases no changes in the occurrence (frequency) of droughts are evident with continued increases in temperature. Hence, the frequency of occurrence of these two drought types seems to be insensitive to continued rises in temperature (Fig. 6) . In terms of both drought duration and intensity, however, the story is more complex. Here each region and river basin has its own unique response to continued rises in temperature. In some cases the duration and intensity of all three drought types increase with increasing temperature, in other parts of China they may stay the same or even decrease (Figs. 7 and 8) . Moreover, the sensitivity to continued climate warming for the three drought types is also very region specific. However, when averaged over the whole of China, agricultural droughts were most sensitive to continued warming in terms of their drought duration (compared to the other two drought types) while hydrological droughts were found to be most sensitive to continued climate warming in terms of their intensity (compared to the other two drought types).
A significant finding of this regional analysis is that there is a non-linear and non-directional response of hydro-meteorological droughts to temperature increments up to 3°C. For example, model results show a negative quasi-linear trend between percentage increase in the duration of meteorological and hydrologic droughts with temperature increments larger than 1°C for the country as well as most of the river basins (Fig. 7) . Indeed, the largest percentage increase of drought duration occurred when temperature increased by 1°C compared to other temperature increments. This indicates that the duration of Fig. 6 . Sensitivity of drought frequency to prescribed local temperature increments up to 3°C. droughts may actually be reduced as temperatures begin to exceed a 1°C increase. Similar results were found when looking at the response of drought intensity to the prescribed temperature increments (Fig. 8) . Our results suggest that higher warming scenarios might not necessarily result in larger or more significant impacts on droughts. The causal mechanisms for this non-linearity remain unknown but the results suggest that no "one size fits all" drought management strategy can be used to account for all possible future warming scenarios. Moreover, each drought type did respond differently to increasing temperatures so this adds an extra level of complexity to drought management and climate change mitigation. For example, although a continued increase in temperature beyond 1°C seems to be beneficial in terms of reducing the effects of meteorological and hydrological droughts, such temperature increases resulted in much more severe agricultural droughts. Developing an effective drought mitigation strategy in light of these variations will be a significant challenge in the future.
Uncertainty and limitations of this study
In climate change impact assessments, uncertainties may arise from various sources such as emission scenarios (Maurer, 2007) , GCM structure (Kirono et al., 2011) , downscaling/bias-correction methods , and impact models (Schewe et al., 2014) . The climate projection datasets used in this study were obtained from the ISI-MIP, which aims at providing timely climate change impact assessments for IPCC AR5 based on CMIP5. Unfortunately, only 5 GCMs were statistically downscaled and bias-corrected in the fast-track of ISI-MIP when this study was initiated, which makes it impossible to fully characterize the potential uncertainty ranges by GCMs. After bias-correction, however, the GCMs used in this study can reproduce the observed climate very well (Hempel et al., 2013 ). In addition, several studies have demonstrated the value of using the same climate projections by the 5 GCMs in hydrological climate change impact assessments at the global and regional scales (e.g., Piontek et al., 2014; Elliott et al., 2014; Schewe et al., 2014; Haddeland et al., 2014; Prudhomme et al., 2014; Dankers et al., 2014) .
Another potential issue source of uncertainty in this study is the choice of reference dataset. Here, the climate projections were comprehensively validated against the WATCH forcing data at 0.5°within the ISI-MIP. Hence, the adjusted climate projections would be potentially different if based on different reference datasets (e.g. Xu et al., 2009a; Wu and Gao, 2013) , as used in evaluating the GCM/RCM performance (e.g. Xu, 2012a, 2012b; Jiang and Tian, 2013) . However, investigating the relative utility of one or another reference dataset is not the purpose of this study nor is it our aim to validate the GCMs again. Rather, our main goal is to demonstrate the similar/different responses of three drought types to climate projections, which have been comprehensively validated by other researchers.
Results should also depend on the specific time periods, which are associated with varying cumulative radiative forcing and climate warming magnitudes. In hydrological climate change impact studies, various time periods have been adopted as the reference period (i.e. present time period) such as the 1980 (e.g. Piontek et al., 2014 ), 1976 (e.g. Prudhomme et al., 2014 ), 1985 (e.g. Hinkel et al., 2014 ), 1996 (e.g. Orlowsky et al., 2014 , as well as 1971 -2000 (e.g. Portmann et al., 2013 Dankers et al., 2014; Haddeland et al., 2014) which was used in this study. The near term period of 2020-2049 was selected in this study to better inform policy-makings and mitigation/adaptation strategies for this specific immediate future. And our analyses based on 2020-2049 relative to 1971-2000 are consistent with that using other similar periods (e.g. 2016-2035 relative to 1986-2005) (results not shown) and may not affect our conclusions in this study. Although it is possible that natural variability may be large enough to overwhelm the GHG signals over this near-future term period, determining when the GHG signals dominate the natural variability is a topic not within the scope of this study. The use of this period for near term prediction has also been adopted in many other studies (e.g. Hayhoe et al., 2004; Vicuna et al., 2007; Mariotti et al., 2008; Biasutti et al., 2012; Aich et al., 2014; Lopez et al., 2014) .
There are many approaches to calculate droughts e.g. standardized index (e.g. Lloyd-Hughes and Saunders, 2002; Shukla and Wood, 2008; Huang et al., 2014) , cumulative precipitation anomaly (CPA), PDSI (Dai et al., 2004) , regional deficiency index (RDI; Stahl, 2001; Hannaford et al., 2011) , and fixed threshold level method to name a few (e.g. Hisdal et al., 2004; Lorenzo-Lacruz et al., 2013) . Just as there is no single definition of drought, there is no single drought index that meets the requirements of all applications since various drought indicators are associated with specific drought types (Keyantash and Dracup, 2002; Hayes et al., 2007; Burke and Brown, 2008) . For example, irrigation water use could lead to decreased stream flow and an increase of soil moisture in irrigated land concurrently (Leng et al., 2013 (Leng et al., , 2014a Leng and Tang, 2014) leading to a period of hydrological drought but not of agricultural drought. However, even this picture may be incomplete as to truly understand agricultural drought dynamics one may need to consider crop types and water management practices in addition to the climatic conditions. Hence, it is clear that the SSWI (used here to assess agricultural droughts) is based on soil moisture anomalies only, and so may not be suitable to fully indicate the real agricultural drought. Despite these limitations however, it has been adopted for this purpose in a number of previous studies and so is used here in the same way (e.g. Vidal et al., 2010; Wang et al., 2011a Wang et al., , 2011b Duan and Mei, 2014) .
Finally, a high-resolution modeling approach through nesting high resolution RCMs within the GCMs could potentially be used to improve model performance (Gao et al., 2001 (Gao et al., , 2008 Yu et al., 2010) and could be adopted in hydrological climate impact assessments. Although this was not attempted here, it could be a part of future investigations. Similarly, it would be valuable to compare climate projections using both statistical and dynamical downscaling methods and examining the implications in hydrological climate change impact assessments in our future work since dynamically-downscaled climate data are increasing available over the China domain (Gao et al., 2011) .
Summary and conclusions
Drought is a natural hazard that can have large impacts on various sectors of society, the environment and the economy. Within the context of future climate change, it is important for decision makers to comprehensively understand climate change impacts on all types of droughts (meteorological, agricultural, and hydrologic) at the regional scale and to map out and coordinate adaptation and mitigation strategies for these droughts. In this study, daily time series of soil moisture and runoff were examined on a 0.5 degree grid by driving the calibrated VIC model with downscaled/bias-corrected climate projections. On the time series of precipitation, and modeled soil moisture and runoff, the properties of droughts occurring in different parts of the hydrological cycle were comprehensively examined in a spatially consistent manner. The drought characteristics taken into account were the number of droughts, drought duration, and a standardized deficit volume (drought intensity) based on a standardized index for three types of droughts, meteorological, agricultural and hydrological. The major findings of this study can be summarized as follows.
For China as a whole, changes in drought severity, duration, and frequency suggest that meteorological, agricultural and hydrological droughts will become more severe, prolonged, and frequent in the near future. However, regional variations are large. Model results for areas of most of Xinjiang, the Tibetan Plateau, and large areas of Yunnan province show that the future droughts in these areas will become more intense, more frequent, and longer lasting in the near future. This will pose additional challenges to the agricultural productivity in these dry regions where water shortage is already severe and at a time when irrigation is expected to become more important to stabilize and increase food production for a growing population (Leng et al., in press ). For parts of north central and northeastern China, a decrease in the frequency of meteorological and hydrological drought events and their durations are projected mainly due to a relatively large increase in precipitation amounts in these regions. Although uncertainties are high in the simulated results, we found that all five climate models projected the same direction of changes in drought properties (with only the magnitudes of changes being different), suggesting a relatively high confidence in the projections.
The propagation of meteorological droughts to agricultural and hydrological droughts in a warming climate is complex and non-linear. Hence, the response of droughts in different domains of the hydrological cycle to climate warming could be different. For example, the most prolonged agricultural droughts increased in duration from 6 to 26 months as projected by HadGEM2-ES and MIROC-ESM-CHEM, whereas the most prolonged meteorological and hydrological droughts changed little in duration as projected by the same models. Another example of this complex and unique response to climate warming is that the impact of climate change on the intensity of the most severe hydrological droughts is more dramatic than changes in the intensity of either meteorological or agricultural droughts. This can be seen in that the most severe hydrological drought intensity is about 3 times the baseline, whereas the most severe meteorological and agricultural drought intensities are only about 2 times and 1.5 times the baseline respectively. In addition, the frequency of long-term agricultural droughts will increase more than that of short-term droughts, while the opposite is true for meteorological and hydrological droughts while in terms of the percentage of people and land area affected in China, the increase in extreme meteorological droughts could generally be more harmful than agricultural and hydrological droughts. Hence, each drought type responds to increasing temperature in a unique way with different drought properties either more or less affected by climate change when compared to the other drought types.
This complex drought response is further evident in the unique ways in which each drought type and region of China responds to continued increases in temperature (from 1°C to 3°C). Agricultural drought frequency, intensity and duration are predicted to increase for all local temperature increments up to 3°C for the whole country as well as all ten river basins in China. However, no or only small changes in meteorological and hydrological drought frequency are predicted for almost all temperature increments across the whole of China and in each region. In contrast, the largest increases of meteorological and hydrological drought duration and intensity are found when temperature increases by 1°C for most river basins (and both duration and intensity may actually decrease with further warming for these two drought types). This suggests that different adaption/mitigation strategies should be adopted to cope with future climate change associated with specific warming amounts.
Through driving the calibrated VIC model with five bias-corrected climate projections in RCP8.5 scenario, our results show a robust increase of droughts in the future in terms of frequency, duration and intensity when averaged for the whole country but with large regional variations. More extreme droughts than mean droughts are projected under climate warming, with huge potential social impacts. Importantly, meteorological, agricultural and hydrological droughts are found to respond differently to the same climate warming amounts. Our results highlight that specific adaptation and mitigation strategies for specific sectors should be taken to cope with future climate change associated with specific warming magnitudes. Although to fully include and address the uncertainties from all sources is challenging and not within the scope of this study since there is no efficient way to handle all of them, it is important to keep in mind the uncertainties of this study, which is inevitable in climate change impact studies. And our results may depend on the emission scenario, GCMs, impact model, time periods and drought indicators selected for analysis.
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